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Abstract
There is considerable evidence for non-genomic transmission between generations of phenotypes induced by
environmental exposures during development, although the mechanism is poorly understood. We investigated whether
alterations in expression of the liver transcriptome induced in F1 offspring by feeding F0 dams a protein-restricted (PR) diet
during pregnancy were passed with or without further change to two subsequent generations. The number of genes that
differed between adult female offspring of F0 protein-restricted (PR) and protein-sufficient (PS) dams was F1 1,684 genes, F2
1,680 and F3 2,062. 63/113 genes that were altered in all three generations showed directionally opposite differences
between generations. There was a trend toward increased proportions of up-regulated genes in F3 compared to F1. KEGG
analysis showed that only the Adherens Junctions pathway was altered in all three generations. PR offspring showed altered
fasting glucose homeostasis and changes in phosphoenolpyruvate carboxykinase promoter methylation and expression in
all three generations. These findings show that dietary challenge during F0 pregnancy induced altered gene expression in
all three generations, but relatively few genes showed transmission of altered expression between generations. For the
majority of altered genes, these changes were not found in all generations, including some genes that were changed in F3
but not F1, or the direction and magnitude of difference between PR and PS differed between generations. Such variation
may reflect differences between generations in the signals received by the fetus from the mother as a consequence of
changes in the interaction between her phenotype and the environment.
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Introduction
Variations in the quality of the early life environment can induce,
through epigenetic changes, multiple phenotypes from a single geno-
type. In humans, environmental constraint during development,
such as poor nutrition, is associated with increased risk of non-
communicable diseases in later life including the metabolic syndrome
and cardiovascular disease [1]. In a number of animal models, the
offspring of mothers given poor nutrition during pregnancy ex-
hibit pathophysiological changes similar to human disease [1]. For
example, maternal dietary protein restriction in rats induces hyper-
tension, dyslipidaemia and impaired glucose tolerance in the adult
offspring [2]. Furthermore, there are a number of examples from
natural history in which the environment experienced by the mother
induces an altered phenotype in the offspring [3].
There is now considerable evidence for non-genomic transmis-
sion of induced phenotypic traits between generations [4]. Such
processes may provide an important mechanism for the inheri-
tance of disease traits in humans [5,6]. For example, mortality
from diabetes was increased in men if the paternal grandfather
had been exposed to abundant nutrition during their pre-pubertal
slow growth period [7]. Also, the daughters of women exposed to
nutrient restriction and stress during pregnancy as a result of
the Dutch Hunger Winter showed decreased birth weight and
an increased risk of insulin resistance, and, in turn, their grand-
daughters also were born with a lower birth weight despite
adequate nutrition during their daughter’s pregnancy [8,9]. Simi-
larly, metabolic dysregulation induced by nutritional or hormonal
interventions during F0 pregnancy in animal models can be trans-
mitted to more than one generation of offspring. For example,
feeding pregnant rats a protein-restricted (PR) diet during preg-
nancy in the F0 generation induced elevated blood pressure and
endothelial dysfunction [10], and insulin resistance [11,12] in the
F1 and F2 offspring, despite adequate nutrition following weaning
and during pregnancy in the F1 generation. Adverse effects of
feeding a PR diet during F0 pregnancy on glucose homeostasis
have been detected in F3 offspring [13]. Finally, the administra-
tion of dexamethasone to dams in late pregnancy induced an
increased expression of the glucocorticoid receptor (GR) and of its
target gene phosphoenolpyruvate carboxykinase (PEPCK) in the
liver of the F1 and F2 offspring, although these effects were lost in
F3 offspring [14].
Although the passage of induced traits between generations is
well known, the underlying mechanisms are poorly understood.
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Transgenerational Effects on Transcription
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Epigenetic processes have been suggested to be involved [6].
Supplementation of the diet of F0 Avy mice with methyl donors
induced phenotypic changes through altered methylation of the Avy
locus in F1 and F2 offspring [15]. Hypomethylation and increased
mRNA expression of the hepatic PPARa and GR promoters has
been reported in F1 and F2 offspring of F0 dams fed a PR diet
during pregnancy [15]. Female germ cells which give rise to the F2
generation are formed in F1 offspring when they were in utero and
thus are exposed to the environmental challenge to which the F1
offspring are exposed. Thus it is unclear whether the results of these
studies represent transmission of induced phenotypes between
generations. Therefore, conclusive demonstration of such transmis-
sion between generations requires that induced changes are
detected in F3 offspring [17]. Anway et al. [18] showed transmission
essentially without further change of altered male fertility and
changes in promoter methylation of specific genes in testis up to F4
generation offspring of F0 dams exposed to the endocrine disruptor
vinclozolin. Such germline effects involved altered expression of
DNA methyltransferases [19].
Most previous reports of transmission of altered phenotypes
between generations have focused on the mRNA expression of
specific candidate genes [14,16]. However, Skinner et al. reported
transcriptome-wide changes in the hippocampus and amygdale of
F3 offspring of F0 rats which received the endocrine disruptor
vinclozolin during pregnancy [20]. These findings showed altered
expression of 92 genes in the hippocampus and 276 genes in the
amygdale in F3 males and of 1,301 genes in the hippocampus and
172 genes in the amygdale in F3 females. However, the expression
of the transcriptomes of these tissues in was not reported in F1 and
F2 offspring. This raises the question of whether the same changes
are induced in the transcriptome in every subsequent generation of
offspring following an insult during F1 development, even when
there is no challenge during development in those subsequent
generations. Information about the expression of the transcrip-
tome in successive generations may therefore provide important
insights into the mechanism by which induced traits are
transmitted between generations. For example, if the same
alterations in mRNA expression were present in F1, F2 and F3
offspring, this would suggest transmission of induced traits
unchanged between generations, possibly through germ cells.
However, differences in the number, type or direction of changes
in the transcriptome between generations would suggest adjust-
ments in the regulation of transcription in each generation. Such
variation may involve changes in the signals received by the fetus
as a result of differences in in the interaction between the
phenotype of the mother and the environment in each generation.
In the present study, we investigated the effect of feeding a PR diet
to F0 dams during pregnancy on the expression of the liver
transcriptome in three subsequent generations of female offspring.
Dams in the F1 and F2 generations were fed nutritionally
adequate diets during their pregnancy. We also investigated for
specific genes whether any differences in expression between
offspring of F0 dams fed a protein-sufficient (PS) or PR diet during
pregnancy were associated with altered promoter methylation.
Results
Female Wistar rats were fed with an isocaloric PS or PR diet
(n = 6 per dietary group) from conception until spontaneous
delivery around day 21, then diet AIN93G during lactation.
Female offspring were weaned onto AIN93M and either killed on
day 70 or mated. F1 and F2 females were fed AIN93G throughout
pregnancy and lactation, and F2 and F3 offspring were fed
AIN93M from weaning. Livers were collected into liquid nitrogenD
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Figure 1. Genes up-regulated in PR compared to PS offspring lines in all three generations.
doi:10.1371/journal.pone.0021668.g001
Figure 2. Genes down-regulated in PR compared to PS offspring lines in all three generations.
doi:10.1371/journal.pone.0021668.g002
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on day 70, mRNA extracted and the expression of the
transcriptome assessed by microarray using mRNA pooled from
six female offspring in each generation. In F1 offspring, 1,684
genes (736 up-regulated, 948 down-regulated) differed by more
than 2 fold between PS and PR lines. In F2 offspring, 1,680 genes
(848 up-regulated, 832 down-regulated) differed between PS and
PR lines. In F3 offspring, 23% more genes differed between PS
and PR lines (total 2062 genes; 1,145 up-regulated; 917 down-
regulated) compared to F1 and F2 offspring.
The twenty most up- or down- regulated genes in each
generation are listed in Table 1. One gene, lymphocyte activation
gene-3, was among the most up-regulated genes in all three
Figure 3. Genes which differed in the direction of difference between PR and Ps offspring across generations.
doi:10.1371/journal.pone.0021668.g003
Table 2. Validation of microarray by real time RTPCR.
Microarray Real time RTPCR
Fold difference PR : PS
Difference between means
PR : PS (%) Student’s t-test (P)
Gene F1 F2 F3 F1 F2 F3 F1 F2 F3
a-2m Globulin PGCL3 12.8 2.2 24.27 78 34 242 0.006 0.0004 0.005
Major urinary protein-5 11.3 23.1 24.49 15 211 257 0.03 0.045 0.007
Myosin light chain polypeptide 3 210.9 3.1 7.85 222 18 30 0.005 0.009 0.004
Type 1 keratin KA11 28.7 27.1 29.14 231 227 249 0.002 0.007 0.02
Glycosylation-dependent cell
adhesion molecular 1
4.3 5.2 22.39 23 36 222 0.02 0.008 0.01
Phosphofructokinase-2 22.1 ,2.0 2.20 252 5 40 0.03 0.08 0.04
PEPCK 1.3 2.2 22.0 66 84 229 0.01 0.007 0.006
The direction of difference between offspring from the F0 PR and PS lines was assessed by micro array analysis of 6 pool samples and by real time RTPCR for the same
six individual samples. Comparison of mRNA expression measured by RTPCR between PR and PS offspring was by Student’s unpaired t-test.
doi:10.1371/journal.pone.0021668.t002
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generations. Pancreatic amylase was among the most up-regulated
genes in F1 and the most down-regulated genes in F3, but was not
among the twenty most altered genes in F2. Trefoil factor-2 was
among the most up-regulated genes in F2 and F3, but was not
among the twenty most altered genes in F1. No other genes were
among the twenty most altered genes in more than one generation.
113 Genes differed by at least 2 fold between F0 dietary groups
in all three generations. The number of up-regulated genes in F1
was 49/113, in F2 was 69/113 genes and in F3 was 71/113. 35/
113 was up-regulated in all three generations (Figure 1) and 25/
113 were down-regulated in all three generations in PR compared
to PS offspring (Figure 2). However, 53/113 transcripts showed
directionally opposite differences in expression between genera-
tions (Figure 3).
We validated the array by real time RTPCR for seven genes
which differed in the patterns of difference between PS and PR
offspring in samples from all three generations. Although the
magnitude of difference between PS and PR offspring varied
between real time RTPCR and the array, all seven genes showed
the same direction of difference between PS and PR lines and the
same pattern of change between generations when analysed either
technique (Table 2). Linear regression analysis showed a
significant positive association (P= 0.013, r = 0.86) between the
difference between PR and PS samples in F3 detected by
microarray and by real time RTPCR.
Assessment of the number of genes present in the Biological
Processes and Molecular Functions ontologies showed differential
changes within individual sub-ontologies. The data shown in
Figure 4 do not indicate enrichment within individual categories.
The total number of genes which showed differential expression
between PS and PR offspring increased between F1, F2 and F3
generations in 15 of the 25 sub-ontologies of the Biological
Processes ontology (Figure 4A). 3/25 showed a decrease in F2, but
similar numbers in F1 and F3. The number of genes which
differed by at least 2 fold between PR and PS offspring in the
remaining ontologies was similar in all three generations. In the
Molecular Functions ontology, 3/9 sub-ontologies showed an
increase between F1 and F3 offspring in the number of genes
which differed by at least 2 fold between PR and PS offspring
(Figure 4B). One sub-ontology, Transporter Activity, showed a
lower number of altered genes in F2 with a similar number of
altered genes in F1 and F3. The remaining sub-ontologies showed
similar numbers of altered genes in all three generations.
The data shown in Figure 5 show the proportions of genes
within each category which were either up or down regulated, and
do not indicate enrichment within categories. In the Biological
Processes ontology, all but two of the sub ontologies, Reproduc-
tive Processes and Immune System Processes, showed an increase
in the proportion of up-regulated genes in liver from F2 offspring
compared to F1 (Figure 5A). In F3 offspring, the proportion of up-
regulated genes was increased in all of the sub-ontologies
compared to F1 offspring (Figure 5A). Compared to F2 offspring,
24/25 sub-ontologies showed an increase in up-regulated genes,
while the proportion of down-regulated genes was increased in
Rhythmic Processes, compared to F2 offspring (Figure 5A). In the
Molecular Function ontology, the proportion of up-regulated
genes was greater in F2 offspring in 7/9 sub-ontologies, while
the proportion of up-regulated genes was decreased in Enzyme
Regulator Activity and Electron Carrier Activity, compared to F1
offspring (Figure 5B). In F3 offspring, the proportion of up-
regulated genes was greater in 8/9 sub-ontologies, but decreased
in Enzyme Regulator Activity, compared to F1 offspring, but
was increased in all sub-ontologies compared to F2 offspring
(Figure 5B).
The results of KEGG analysis of pathways which are relevant to
hepatic function which contained at least ten genes which differed
by 2 fold or more between PS and PR lines are shown in Figure 6. In
the F1 generation, Calcium Signalling, Cell Adhesion, Adherens
Junction, Jak-STAT Signalling and Wnt Signalling pathways were
over-represented amongst the up-regulated genes. Tight junction
and Steroid Hormone Biosynthesis pathways were over-represented
amongst the down-regulated genes, while Jak-STAT Signalling and
Wnt Signalling pathways were under-represented amongst the
down-regulated genes. In contrast to F1, the Tight Junctions
pathway was over-represented amongst the up-regulated genes and
under-represented amongst the down-regulated genes in F2. MAP
Kinase Signalling and ECM Receptor Interaction pathways were
over-represented amongst the up-regulated genes in F2, but were
not altered in F1. In contrast to F2, but similar to F1, the Tight
Junctions pathway was over-represented amongst the down-
regulated genes in F3. Cell Adhesion Molecules and Retinol
Metabolism pathways were altered in F3, but not F1 or F2. The
Adherens Junction pathway was over-represented amongst the up-
regulated genes in all three generations.
Previous studies have shown that phosphoenolpyruvate carbox-
ykinase (PEPCK) activity and mRNA expression increased in
the offspring of dams fed a PR diet [21,22]. PEPCK mRNA
expression is regulated by the methylation status of its promoter
[23]. Fasting plasma glucose was increased in F1 and F2, but was
lower in F3, PR offspring compared to PS offspring (F0 diet,
generation, interaction all P,0.0001) (Figure 7). We, therefore,
measured the level of PEPCK mRNA expression and the
methylation of individual CpG dinucleotides located within or
proximal to response elements for transcription factors which are
known to regulate PEPCK transcription [24] (Figure 8) in adult
female offspring liver. There was a significant interaction between
generation and F0 diet on PEPCK mRNA expression (P,0.0001)
(Figure 7). There was no difference between generations in
PEPCK expression in PS offspring. PEPCK expression was higher
in PR offspring in F1 and F2, but lower in F3, than PS offspring.
There was no significant effect of F0 diet on the methylation status
of six of the nine CpGs which were measured in the PEPCK
promoter (data not shown). However, CpG 2508, was hypo-
methylated in F2 and F3 PR offspring compared to PS offspring
(generation P=0.009, F0 diet P,0.0001, interaction P= 0.002)
(Figure 7). CpG2440 was hypomethylated in all three generations
of PR offspring compared to PS offspring (generation not
significant (NS); F0 diet P= 0.0023, interaction NS) (Figure 7).
CpG 290 was hypomethylated in F1 PR offspring, did not differ
significantly from PS offspring in F2, but was hypermethylated in
F3 offspring compared to PS offspring (generation P,0.0001, F0
diet P= 0.015, interaction P= 0.022) (Figure 7).
Discussion
The findings of this study show that expression of the liver
transcriptome differed between offspring of F0 dams fed a PS or
PR diet up to and including the third generation of offspring. Thus
Figure 4. Number of genes which differed between PS and PR offspring in each generation according to ontology. Values are total
numbers of genes which differed by at least two fold between PR and PS offspring in the (A) Biological Processes and (B) Molecular Function
ontologies. The sub-ontologies indicated contained at least ten genes which differed between PR and PS offspring one or more generations. These
data illustrate the number of genes which fall into each category rather than enrichment.
doi:10.1371/journal.pone.0021668.g004
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Figure 5. Proportion of genes which were up-regulated (solid bar) or down-regulated (open bar) in each generation. (A) Biological
Processes ontology; (B) the Molecular Function ontology. The sub-ontologies indicated contained at least ten genes which differed between PR and PS
offspring one or more generations. These data illustrate the proportions of genes showing either up or down regulation in each category rather than
enrichment.
doi:10.1371/journal.pone.0021668.g005
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these data are in agreement with previous findings in the brain
which showed that an insult during F0 pregnancy induced changes
in the expression of the transcriptome for at least three generations
[20]. Such observations are also consistent with reports of
transgenerational effects of environmental challenge on the
phenotype of at least the second generation offspring in humans
[7,8], insects [25], and in rodent experimental models [13,26,27].
The differences in the expression of the liver transcriptome
between PS and PR lines differed between F1, F2 and F3
generations in terms of the number of genes which showed altered
expression, the magnitude of difference, the distribution of up and
down regulated genes and the ontologies affected. Furthermore, the
number of genes which differed between PS and PR lines increased
between F2 and F3 generations. Of the genes which differed
between PS and PR offspring in all three generations, 47% differed
between generations in the direction of the difference between PS
and PR lines, while the remainder maintained the same direction of
difference in all three generations. Together these findings do not
support the suggestion that alterations in the transcriptome in F1 are
passed without change to subsequent generations. Thus the
expression of the transcriptome in the offspring of any generation
following a challenge during F0 pregnancy cannot be assumed
simply to reflect that of preceding or subsequent generations.
These findings are consistent with some reports which show
variation or loss of induced phenotypes between generations. For
example, feeding a PR diet during F0 pregnancy induced impaired
glucose homeostasis in male F1 offspring which was exacerbated in
F2, but then fell to a level below control offspring in F3 [13]. This is
in contrast to stable prevention of inter-generational drift in body
weight in offspring of F0 Avy mice supplemented withmethyl donors
[28]. Together these findings suggest that the effects of altered
nutrition on the phenotype of subsequent generations of offspring
may be more complex than those mediated by a single exposure to
an endocrine disruptor [18]. The present study showed that some
genes, ontologies and pathways differed by a similar amount and in
the same direction in each generation. These findings are consistent
with those of Anway et al. [18,19] and so suggest that for specific
genes transmission of altered expression of may have occurred
unchanged through the germline.
The majority of genes which were altered in all three
generations showed variation in the magnitude and direction
of the effect of the maternal PR diet between generations.
Transgenerational divergence in body weight has been shown
between control Avy mice and those supplemented with methyl
donors, which implies an interaction between gene mutations and
epigenetic processes [28], although the mechanism underlying the
amplification of obesity is not known. One possible explanation is
differences in the environment provided by the mother during
development between generations providing different signals to
the developing offspring in each generation (Figure 9). For
example, the environmental signals received by the F1 fetus
would reflect an interaction between the phenotype of the F0 dam
with the PR diet leading to an altered phenotype in the F1
offspring. In turn, signals received by the F2 fetus would reflect the
interaction of the phenotype of F1 dam with the environment,
which differs from that of the F0 dam. The signals received by the
F3 fetus would, therefore, reflect an interaction between the
phenotype of the F2 dam and the environment, which differs from
those of the F0 and F1 dams. Furthermore, germ cells destined to
become F2 offspring would be exposed to signals from the F0
dams and those from the F1 dams, and those destined to become
F3 offspring would be exposed to signals from the F1 dam as wells
the F2 dam. Together, such complex interactions between mother
and offspring may provide a mechanism by which the number of
altered genes is greater in F3 than F1, and by which ontologies and
pathways are altered in F3, but not in previous generations. Such
maternal effects on the phenotype of the offspring are well-
established and have been suggested to be a mechanism for
generation of novel phenotypes [29], although the molecular basis
of such changes has not been shown previously. This model also
suggests a mechanism by which single phenotypic traits induced in
F1 offspring are apparently lost in future generations [14] and so
Figure 6. Canonical pathways involved in hepatic function which differed between PS and PR offspring. All pathways contained at least
10 genes which differed by at least 2 fold between offspring of PR and PS dams.
doi:10.1371/journal.pone.0021668.g006
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emphasises a need for comprehensive analysis of the phenotype of
offspring in transgenerational studies.
The twenty genes which showed the greatest difference between
PR and PS offspring in each generation had diverse function, some
of which, for example surfactant protein C, have uncertain
functional significance in liver. Two of the genes which differed
between PR and PS offspring in more than one generation, trefoil
factor-2 and lymphocyte activation gene-3, are associated with
tissue repair and limitation of immune response, respectively,
although whether they exhibit these function in liver is unclear.
Amylase-2 activity has been demonstrated in liver, although its
contribution of glycogenolysis relative to glycogen phosphorylase is
unclear [30]. Amyase-2 was up-regulated in F1 PR offspring which
had raised fasting blood glucose concentration but was down-
regulated in F3 PR offspring with normal blood glucose. This
suggests that altered hepatic amylase-2 activity may contribute to
differences between generations in glucose homeostasis between
PS and PR offspring.
Fasting plasma glucose was increased in F1 and F2, but not F3
offspring. Because gluconeogenesis is the major source of plasma
glucose in rats fasted for 12 hours [31] and F1 offspring of dams
fed a PR diet show increased gluconeogenic activity [22], we
measured the mRNA expression and methylation of the PEPCK
promoter in the liver of the offspring. The pattern of PEPCK
mRNA expression between generations followed that of plasma
glucose concentration, with the exception that PEPCK expression
was lower in PR than PS offspring in F3. This suggests that, in
agreement with previous findings of the effect of prenatal exposure
of F1 offspring to dexamethasone [14], changes in the regulation
of PEPCK transcription are an important process underlying
differences in plasma glucose concentrations between generations.
Of the nine CpGs measured in the PEPCK promoter, three CPGs
showed differential methylation between PS and PR lines. All
three are located within known transcription factor response
elements [32] and thus changes in the level of methylation may be
expected to be associated with altered transcriptional activity.
CpG 2508 is located proximal to a heat-shock factor response
element, while CpG2440 is within a PPAR response element and
CpG 290 within a cAMP response element. The PEPCK
promoter contains multiple response elements and hence overall
capacity for transcription represents the overall regulation of its
activity. Thus the level of PEPCK mRNA cannot be assumed to
simply reflect the methylation status of single CpGs. However,
CpGs 2508, 2440 and 290 each showed specific changes
between generations in the relative level of methylation between
PS and PR offspring. These differences in the methylation of
individual CpGs are consistent with the models described above
for the transmission of induced phenotypes between generations.
Thus methylation of CpG 2440 may be transmitted unchanged
through germ cells, although this would require the preservation of
these epigenetic marks through, albeit incomplete, genome-wide
demethylation at fertilisation [33]. In contrast, the patterns of
change in CpGs 2508 are consistent with differences in maternal
signals between generations. Thus these findings support the
suggestion that epigenetic processes may be involved in the
transmission of induced phenotypes between generations.
Transmission of phenotypic changes induced during their
development may represent an important source of variation in
disease risk in subsequent generations [7,8]. The present findings
suggest that such transmission of phenotypes involves adjustments
in the expression of the transcriptome and in underlying epi-
genetic processes between generations. If replicated in humans,
identification of such processes may provide targets for therapeutic
interventions and tools for assessing their effectiveness. However,
these observations also suggest that multiple processes may be
involved in the passage of induced phenotypes and epigenotype
between generations. This potentially represents a challenge to the
development of interventions to prevent the passage of such effects
between generations.
Materials and Methods
Ethical statement
The study was carried out in accordance with the United
Kingdom Home Office Animals (Scientific Procedures) Act
Figure 7. mRNA expression and methylation of specific CpG
dinucleotides in the phosphoenolpyruvate carboxykinase
promoter. CpGs are indicated by their location (bp) relative to the
transcription start site. Values are mean 6 SD of n= 6 samples per
group per generation. Values significantly different (P,0.05) by a
general linear model (GLM) with Bonferroni’s post hoc test between
generations are indicated by different letters. #Values significantly
different between maternal dietary groups within a generation.
doi:10.1371/journal.pone.0021668.g007
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Figure 8. Genomic sequence of the region of the phosphoenolpyruvate carboxykinase promoter analysed for CpG methylation
[32]. CpG reported in the methylation analysis are underlined. Know transcription factor response elements are indicated by curved brackets. HSF,
heat shock factor; C/EBP, CATT enhancer-binding protein; HNF1, hepatic nuclear factor-1; KLTFs, Krueppel-like transcription factors; CRE, cAMP-
response element.
doi:10.1371/journal.pone.0021668.g008
Figure 9. Model of transgenerational phenotypic variation.
doi:10.1371/journal.pone.0021668.g009
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(1986) and was conducted under Home Office Licence number
70-6457.
Animals and tissues
Female Wistar rats (about 220 g) obtained from a breeding
colony were maintained on standard chow for 14 days and then
mated. No male was mated with any of its progeny. F0 Dams
were fed either a PS or PR diet (n = 6 per dietary group) during
pregnancy which provided an increase in energy of approximately
25% compared to the diet fed to the breeding colony (Table 3).
Dams were fed AIN93G during lactation and offspring were
weaned onto AIN93M on postnatal day 28. Litters were
standardised to 8 offspring within 24 hours of birth, with bias
towards females to ensure sufficient stock for mating. F1 and F2
females were mated on postnatal day 70 (n= 6 per F0 dietary
group). F1 and F2 dams were fed the PS diet during pregnancy
and AIN93G during lactation. Offspring were weaned onto
AIN93M. All female offspring which were not mated were fasted
for 12 hours (20:00 to 08:00) and then killed by carbon dioxide
asphyxiation on postnatal day 70. Livers were frozen immediately
in liquid nitrogen. Blood was collected into heparinised tubes.
Plasma was separated by centrifugation and stored at 280uC.
Measurement of fasting plasma glucose concentration
Plasma glucose concentration was measured by an automated
colorimetric method as described [34].
RNA isolation and measurement of the expression of the
liver transcription by Agilent oligonucleotide array
hybridisation
RNA was extracted from livers from PS and PR offspring (n= 6
per F0 dietary group in each generation) using TRIzol reagent
(Invitrogen) according to manufacturer’s instructions. RNA was
quantified by absorbance at 260 nm, and the integrity of the 28 s
and 18 s ribosomal RNA was verified by agarose gel electropho-
resis. In all cases the absorbance ratio at 260 and 280 nm was
greater than 2. Equal amounts (300 ng) of RNA from each group of
six offspring were pooled and this preparation was used for
microarray analysis using the Two Colour Microarray Based Gene
expression analysis (Agilent Technologies, Inc., Palo Alto, CA).
Microarray hybridisation and analysis was carried out as described
[35] by Oxford Gene Technology (OGT, Oxford UK) in
accordance with the company’s quality control procedures using
standard protocols for labelling, hybridisation and washing. RNA
was reverse transcribed into cDNA. After denaturation of the
reverse transcriptase enzyme, samples were transcribed into cRNA
and labelled with the fluorescent dye Cy (test sample Cy3, reference
sample Cy5) and was hybridised to an Agilent 014879 whole rat
genome array (4644 K) G4131F. This array contains 45,018
features with 41,012 unique probes. Microarray slides were scanned
at 5 mM resolution using the extended dynamic range (Hi 100%,
Low 10%). The slides were feature extracted using Agilent feature
extraction software 9.5.3.1. The results were uploaded into
Table 3. Diet composition.
Pregnancy diets Lactation diet Maintenance diet
PS (all generations) PR (F0 generation) AIN-93G AIN-93M
Casein (g/kg) 18.3 92 200 140
Cornstarch (g/kg) 420 482 397 466
Sucrose (g/kg) 213 243 100 100
Choline (g/kg) 2.8 2.8 2.5 2.5
Methionine (g/kg) 9.7 7.4 5.2 3.6
Crude fibre (g/kg) 50 50 50 50
Oil (g/kg) 100 100 70 40
Total metabolisable energy (MJ/kg) 17.2 17.4 16.4 15.78
doi:10.1371/journal.pone.0021668.t003
Table 4. Real time RTPCR primers.
Real time RTPCR
Forward Primer (59R39) Reverse Primer (39R59)
Gene mRNA expression
Cyclophilin TTGGGTCGCGTCTGCTTCGA GCCAGGACCTGTATGCTTCA
PEPCK AGCTGCATAATGGTCTGG GAACCTGGCGTTGAATGC
Glycosylation-dependent cell adhesion molecular 1 Quantitect primer assay QT00185934
Phosphofructokinase-2/Fructose-2,6- bisphosphatase Quantitect primer assay QT00185395
Myosin light chain polypeptide 3 Quantitect primer assay QT00193648
a-2m Globulin PGCL5 Quantitect primer assay QT00195545
Major urinary protein 5 Quantitect primer assay QT01791104
Type I keratin/Ka11 Quantitect primer assay QT01818747
doi:10.1371/journal.pone.0021668.t004
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Genespring GXV 7.3 (Silicon Graphics Inc) for data normalisation,
quality control and first pass analysis. All arrays were adjusted for
within slide intensity dependent variation due to dye properties
Lowess normalisation using Genespring (http://stat-www.berkeley.
edu/users/terry/zarray/Html/normspie.html). The expression ra-
tios were calculated for each probe by dividing the Cy3 processed
signal by Cy5 processed signal. The identification of the genes
showing increased or decreased expression was performed using
GeneSifterTM software (www.genesifter.net; VizX Labs LLC,
Seattle, WA, USA). Only transcripts which differed by at least 2
fold between PS and PR offspring were considered to be changed.
All data are MIAME compliant and the raw data are deposited at
www.ebi.ac.uk/arrayexpress, accession number E-MEXP-3205.
Real time RTPCR
Real time RTPCR was carried out essentially as described [36].
mRNA expression of hepatic genes was measured by real-time PCR.
Briefly, total RNA was isolated from cells with TRIzol reagent
(Invitrogen, Paisley, Scotland, U.K.), and 1 mg was used as a template
to prepare cDNA with 100 units of Moloney murine leukemia virus
reverse transcriptase. cDNA was amplified with real-time PCR
primers (Table 4). The reaction was performed in a total volume of
25 ml with SYBRGreen Jumpstart ReadyMix (Sigma, Poole, Dorset,
U.K.) as described by the manufacturer. Samples were analyzed in
duplicate, and Ct values were normalized to cyclophilin [36].
Analysis of PEPCK promoter methylation by pyrosequecing
The level of methylation of individual CpG dinucleotides was
measured in a region between 89 and 606 bp upstream from the
transcription start site which had known regulatory function
[24,32] essentially as described [37]. Briefly, genomic DNA was
prepared and bisulphite conversion was carried out using the EZ
DNA methylation kit (ZymoResearch). The pyrosequencing
reaction was carried out using primers listed in Table 5. Modified
DNA was amplified using KAPA2G Fast HotStart DNA
polymerase (Kapa Biosystems). PCR products were immobilised
on streptavidin–sepharose beads (Amersham), washed, denatured
and released into annealing buffer containing the sequencing
primers (Table 5). Pyrosequencing was carried out using the SQA
kit on a PSQ 96MA machine (Biotage) and the percentage
methylation was calculated using the Pyro Q CpG (Biotage).
Within assay precision was between 0?8 and 1?7% depending on
CpG, and detection limits were 2–5% methylation.
Statistical analysis
For analysis of glucose concentration, and PEPCK methyla-
tion and expression, values are shown as mean 6 1 SD. Com-
parison between groups and between generations of single factor
and interactive effects on glucose concentration, and PEPCK
methylation and expression were by a general linear model
with F0 diet and generation as fixed factors, and Bonferroni’s
Table 5. Pyrosequencing primers and phosphoenolpyruvate carboxykinase CpG identifiers.
Real time RTPCR
Primer location (bp relative to
transcription start site) Forward Primer (59R39) Reverse Primer (39R59)
PCR primers
2658 to 2405 AGGGGTTAGTATGTATATAGAGTGATT ATCAAAACACCACAACTATAAAATATC
2417 to 256 GTGGTGTTTTGATAATTAGTAGTGATT CCCCTCAACTAAACCTAAAAACTC
2373 to 244 GTTAGTAGTATATGAAGTTTAAGA CCCCTATTAACCAAAAATATATTCC
2658 to 2405 AGGGGTTAGTATGTATATAGAGTGATT ATCAAAACACCACAACTATAAAATATC
2417 to 256 GTGGTGTTTTGATAATTAGTAGTGATT CCCCTCAACTAAACCTAAAAACTC
2373 to 244 GTTAGTAGTATATGAAGTTTAAGA CCCCTATTAACCAAAAATATATTCC
Sequencing primers
GTGATTATTTTATATTAGGTATTG
AGAGGATTTAGTAGATATTTAGTG
TAAATATTAAAAAACCTCAAACCC
TTATTATTTTTTTAAAGTTTATTG
CpG locations
CpG Location relative to transcription start site (bp) Chromosome 3 coordinate (bp)
2606 164,012,404
2508 164,012,502
2440 164,012,570
2248 164,012,762
2218 164,012,792
2129 164,012,881
2100 164,012,910
290 164,012,920
281 164,012,929
doi:10.1371/journal.pone.0021668.t005
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post hoc test. The results of real time RTPCR analysis were
non-parametric and were log10 transformed before statistical
analysis.
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